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SUtgte^yuaUlm I'r’r. films of copper wer^ oxidized at an Isothermal tern- 
perature of 42S*C and at an oxygen pt^rtial pressure of 5 x I0~* Torr in fitu 
in a high-resolution electron microscope. The specimens were prepared by 
epitaxial capor deposition onto polished {100) and {NO) faces of' rocksalt 
and mounted in a hot stage inside an ultru-high-vacuum specimen chamber 
the microscope. Large amounts of sulfur, car^n. and oxygen were detected by 
Auger electron spectroscopy on -he surface of the as-received films and were 
removed in tttu by Ion-sputter etching immediately prior to the oxidation. The 
nucleation and growth characteristics of Cu^O on Cu were studied. The 
predominantly observed crystallographic orientations of CuiO on ( 100) and 
[110) copper films were epitaxial, parallel {/OO) and [H0\ orientations, 
respfctively. lnadditlon.aCu-0 [HI] orientation with CujO (,II0'^//Cu O lOy 
was found frequently on {ldu)-oriented copper films, the distinct particle 
shapes observed most frequently were square and hexagonal, representing 
[100) and [111] orientations, respectively. An induction period of about JO min 
was found, which did nor depend on the film thickness but did depend strongly 
on the oxygen partial pressure and the ox)’gen e.xpontre prior to the o.xidation. 
Neither stocking faults nor dislocations were found to be associated with the 
Cm|0 nucleation sites. The growth of CujO nuclei was found to be linear with 
time. The experimental findings, including results from oxygen dissolution 
experiments and from repetitive oxldation-reduction-^.xidation sequences, fit 
well into the framework of an oxidation process Invoicing (<i) the fprnustion of 
a surface-charge layer, (fr) oxy-gen saturation In the metal attd formation of a 


work wM (MfforiMd ai tiM Anm R«Nrch Cmur and ruiuM by NASA Granu NCA2* 
Or)9(M03 aMl NSO-3025 

tAiMB Raiaarcb CtMtr. NASA. Moffett Field. Califaeaia. 
tUaivaeMiy orCaUroniia. Loa Angdei. Celifonua. 


m 


• ten n«Mai BablMaiat C m awiioe. ZTf Wm t?ia Sum. Nm Varfe. N Y. teal I N« ftn W iBm fnWni-MMNi 
mm he nataOeiiie. Mane m * mnaval iiiMm. m innwaiHml. m m* ronn a« M) aitaM. ctewiroaM. aMi.-iuaical. 
paaMaaeiaa^ awraataMaa. racanbaa ar adwiaiM. aiiboM Mrawniaa af iha raWnatr. 


fiEPRODucr;:.’ 

Sc J 1- ■ • , , 


< t 

■A 


— , 
-•-> I a. 

4* Jj» » I 


W.. 


"3 OVilRRiDDEN 

■ ’‘‘on Facility 


tuptrtaturattd zom near the surface, and (r) nucleatfon. followed by surface 
diffusion of oxygen and bulk diffusion of copper for lateral and vertical oxide 
growth, respectively. 


KCY WORM: McteatiM: tpiUuy: hmcM colwctnci : frowik ratw: uirfact difTiMion. 


INTRODUCTION 

An apparently simple, thermodynan.ically favorable reaction between a 
metal and oxygen is often controlled by a complex reaction mrchabism. 
Several suget are involved before the formation of a compact scale of metal 
oxide on the metal takes place, and the mechanisms that govern the various 
stages are different. A variety of factors (e.g., temperature, oxygen pressure 
and residual gas environment, surface preparation, surface impurities, 
crystallographic surface orientation, crysul defects, and grain boundaries) 
markedly influence the reaction. The sequence of events that takes place in 
the interaction of oxygen with a metal has been summarized recently by 
Ritchie' and is schematically represented in Fig. 1. 
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Vtry Hitic information it available on the reaction path of the early 
itafM of oxidation, whereat a food deal of undentandinf hat been reached 
in the growth of tcalinf layen. The ttudy of the early ttaget of the oxidation 
of metala hat experiencad a renaiitance with the advent of new turface 
analytical techniquet. Aufcr electron tpectrotcopy (AES). low>energy 
electron diffraction (LEEDk secondary ion nuts spectrometry (SIMS), and 
iotMcattaring spectroscopy (ISS) art capable of determining the surface 
oompoaition with t sensitivity high enough to detect small fractiont of 
atomic layen on tht surface. These techniques, however, display very poor 
lateral resolution which it necessary for the detection of the size and distribu* 
tion of surface heterogeneities and the orienution of oxidation producu. 
Most valuable information of this tort can be obtained with a high*resolution 
transmiuion electron microscope. The prenni studies were undertaken to 
gain more insight on the reaction path and mechanism between chemitorp* 
tion and oxide scale formation. Some results of our in Uiu work on the 
low-pressure oxidation of clean, single-crystalline copper dims are reported 
in this paper. A high-resolution transmiuion electron micros.:ope equipped 
with an ultra-high-vacuum (UHV) specimen chamber, a hot stage, and 
arfon-ion specimen cleaning facilities was employed in this investigation. 
Copper was choun for the general simplicity of its meul-oxide system, 
the relative case of copper specimen preparation, tht considerable amount 
of data for the later stages of oxidation, and easily .detectable oxidation 
products for our experimental conditions. 

Menzel and Stossel* first reported that isolated copper oxide nuclei 
are formed on copper when the oxidation is carried out at low oxygen 
partial preuures. Gronlund and Benard* later classified the initial oxidation 
proceu in three distinaive stages: (i) the induction period during which no 
oxide appears as nuclei : (ii) a sudden nucleation period during which distinct 
oxide nuclei appear : and (iii) the growth period during which the volume of 
the nuclei increases by a lateral growth mechanism. The investigation was 
carried out employing an optical microscope and the deuils were limited 
due to poor lateral resolution. Subsequently, several other investigators 
studied the early oxidation behavior of single-crystalline as well as poly- 
crystalline copper using electron and optical microscope techniques.'*'" 
However, the results of those investigations are not always consistent due to 
insufficient control over some of the vital experimental parameters such as 
surface cleanliness, residual gas environment, and gaseous nretreatment of 
the specimen. It is known, for example, that surface contamination effects 
an increase in nuclei number density." It is also known that during heat 
treatment carbon and sulfur, which are usually present as impurities in 
the metal, migrate to the surface, and it is conceivable that they might 
significantly alter the oxidation behavior. The most effective way of removing 
such surface impurities is by ion sputtering."-" 






Inmiigiiors who studied the oxidation of thin flints customarily 
annealed the specimen in hydrogen, in order to remove the adsorbed 
contaminants which would have accumulated during the process of prepara* 
tion and handling the flints. Swanson and Uhlig'* examined the influence 
of such a gaseous pretreatment and reponed that submicroscopk faceting 
resulted due to surface treatment with hydrogen and nitrogen, leading to 
changes in orientation relationships and oxidation rates. This might, 
conceivably, be one of the causes for the lack of consistency in the orientation 
relationships of the oxide particles on {100} copper Alms.'* We liave. 
therefore, decided to study the initial oxidation behavior of sputter*cleaned. 
single<rystalline copper Alms without pretreating them with hydrogen. 
The surfaces were exposed to hydrogen only in those cases where the effect 
of hydrogen pretreatment on the oxidation was investigated. 

EXPERIMENTAL 

{100}*oriented. singk*crystalline copper Aims with an average thickness 
of 800 A were prepared by. epitaxial vapor deposition of copper from an 
electron beam evaporation source onto the | IU0| lace of sodium chloride. 
NaCI crystals obtained from the Harshaw Co. were used as substrates. 
Substrate surfaces having I3*mm edge lengths were obtained by sectioning 
the crystal at an appropriate angle using a diamond*impregnatcd. stainkss 
steel wire cutter. The sawed surface was then carefully metallographically 
polished, using successively the flnest abrasive papers. It was then further 
polished on a glass slab with alumina powder suspended in ethanol and 
Anally with a paste of magnesium carbonate powder suspended in ethylene 
glycol. The surface was then washed quickly with ethanol and dried quickly 
with hot air. An analogous procedure was adopted by Wakashima. 
Fukamachi. and Nagakura.*'' who succeeded in preparing a step-free, 
single-crystalline copper Aim. ( I I0|-oriented. single-crystalline copper Alms 
were prepared in a similar manner by epitaxial deposition on 1 1 10| NaCI 
faces. The substrate was then suspended in the center of a resistance-heated 
furnace in a bell jar deposition system which was subsequently evacuated 
to a vacuum better than lO**^ Torr. The substrate temperature was main- 
tained at 300*C. Copper was evaporated at an automatically controlled 
deposition rate of 10 A see”' with a SLOAN (OMNI II) rote monitor in 
conjunction with an oscillating quartz crystal microbalance. The Aim was 
cut into 2x2 mm^ pieces and collected on 200-mesh copper grids. 

The surface of the resulting Alms was found relatively smooth, and 
replicas made by shadow casting with a platinum-carbon alloy did not 
show any signiAcant surface roughneu. The Alms were then oxidized in 
the controlled vacuum specimen chamber of a high-resolution transmission 


eiwiron microMope. Tht entire tytiem. which wai butically deKribed in 
an ear.ier paper by Moorhead and Poppa." was rebuilt using a Siemens 
Elmiakop 101 which helped to yield microfraphs with better resolution 
and contrast The new microscope system is shown in Fig. I 

The copper film was then ntounted in the s pea men stage which could 
be heated to a desired temperature. The speamen chamber section of the 
microscope was mildly baked to degas the adK rbed gases and pumped 
down to a vacuum in the IO**Torr range. The loecimen stage was then 
heated to a temperature of 425*C and annealed (5-4 hr) until the him surface 
was smooth. The upper surface of the Aim was tho cleaned hy argon ion* 
sputter etching. The etching was carried out for ab«>ut 10 min during which 
a mass corresponding to a thickness of 200 A mi|ht have been remosed. 
During the treatment of the surface with gases, the orb ion pumps lOlPi 
were not operated. The system was. instead, differentially pumped with a 
well'trapped oil diffusion pump and a titanium sublimation pump. 

After sputter cleaning the surface, oxygen was admitted and the system 
wasequilibrated to a pressure of S * 10 **Torr and was maintained constant 
by pumping against an adjustable leak. Pressure equilibrium t* .itiaincd 
within 2-3 min. The oxygen partial pressure as well as the iperature 
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na.2. Crau laciioa (Mil and rro«i vkw iri|hil of ihe cemtr ponHMi at itic uhra-hi|h*kacuum 
ipKimca chamber snd ihc clectroa mtcroicop*. 



(423*0 were meinuined conuani during the oxidation, and irantmiuion 
electron micrographt. Miected area diffraction pattemx. and lelected zone 
dark Aeld (SZDF) micrographi'* were taken constantly at desired intervals. 
In order to avoid a possible damage of the film by excessive electron irradia- 
tion, the reference area used to compute the oxidation results was viewed 
only to take the photographs. The general viewing was performed at a 
different specimen area, p^erably using an inuie intensifier system'** 
which significantly reduced the necessary probe CJ.'rent. The results were 
highly reproducible, provided the critical experimer.ial conditions including 
surfsM pretreatment of the samples were kept consu.nt. 

RESULTS 
Induction Period 

The typical growth of CujO on { I (X)| -oriented copper under the 
conditions described earlier is represented in the micrographs of Fig. 3. 
No evidence of oxide particles was visible either in the selected area diffraction 
(SAD) patterns or in the transmission electron micrographs u;i:il an oxidation 
period of approximately 30 min had elapsed. The oxide particles nucleated 
suddenly and are indicated by arrows in Fig. 3(b). The induction period 
couid be reduced if the oxygen partial pressure in the reaction chamber 
was increased. It could also be reduced by exposing the copper film to an 
oxygen atmosphere prior to the beginning of the regular oxidation isee the 
section. Oxidation of As-Received Copper Films, p. .389). 

Number Density, Shape, and Crystalloitrapbic Orientation 
of the Oxide Nuclei 

Two distinct, different shapes of oxide nuclei, namely, square particles 
and hexagonal crystallites, were found to nucleate on a J 100 1 -oriented 
copper substrate. In addition, some particles nucleated which did not 
exhibit a particular shape. We shall call them “circular" particles. At the 
time of their appearance, the area occupied by a square particle was greater 
than the area of a circular particle which in turn was greater than the area 
of a hexagonal crystallite. The approximate area ratios were 10:6:1. 
respectively. The number density of the nuclei was found to be 2 x 10* ± 
0.5 X 10* cm''. The relative number densities of the different particles 
were nearly equal, the squares being found slightly more frequently than the 
other two. During further oxidation, the number density of nuclei remained 
constant (see Fig. 3). 

The predominantly observed epitaxial relations for the square particles 
wereCujO {lOOj'/Cu {IOO}andCujO {II0}./Cu {110}. An epitaxial orienta- 
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Pte. X Oiidaiioa Mnn of a ihia. •putt«<laaMtf. {100)-ori*med Cu Him at 42rC and 
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lion of Cu,O{in;//Cu{I00j with Cu,0 <I10>//Cu <110> wai obaerveJ 
for the hexeioful particles. The high degree of epitaxy is demonstrated in 
Fig. 4(d) where three micrograph exposures with different defocui settings 
are superimposed in the { 1 10} SZDF mode.** The direction of the resulting 
shift of the reflection images is normal to {110} lattice planes of the diffracting 
crystallites. The predominant existence of 90* and 60* symmetries marks 
the degree of { 100} and { 1 1 1 } epiuxy. 
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Ai caa bt notad from microfk-apht 3<dl and Xf). a square particle 
extending to and beyond a small hole in the copper film retained its normal 
growth pattern, virtually una^<«ted in growth direction and speed by the 
hole. The growth of { 1 1 1 }<;i .niad nuclei was considerably dillbren: than 
that of (1 00 1 •oriented crystallites, as noted in micrographs 3(c) to 3(h|. 
Fim. the outer appearance, in., the interface between the oxide and the 
copper Aim. of thm nuclei dilfered from that of i I00| crystallites. Second, 
particle outlines similar to stacking4ault fringes were not observed for 1 1 1 1 1 
nuclei, whereas they had been noted in high*magniAcalion micrographs 
of {100} nuclei. Third. SZDF micrographs of these early*stage |lli) 
crystallites did not reveal any oxide reflections, as can be seen in Fig. 5 
which depicu the oxidation stage of Fi^ 3(d)i The SZDF exposure [Fig. 3(b)] 
was taken with the CujO { 1 10} zone into which norr.ialiy both | lOO}* and 
{111 }<oriented bcc crystals arc expected to reAect. In later SZDF examine* 
lions, the reAections of this { 1 1 1 !*onented CujO particle were found to be 
present 

The last four micrographs ( iHm )of Fig. 3 represent the sugc of oxidation 
between approximately 3 and 6 hr. At the end of this period over 70*; of 
the Aim area is covert with oxide. The diffraction patterns now clearly 
indicate the predominance of the {100} orientation with a high degree of 
epitaxy. 

Norleatiaa Sites 

The particle on the left tide of Fig. 3(by— indicated by an ai row- 
nucleated on a dislocation loop tiu. whereat the square particle seems to 
be surrounded by stacking faults. However, no stacking fault had been 





obMrvwl bcfort th« oxidation at tht particular partidc site, and lh« ttacking* 
buh'lika oontourt move with incraasini partida lixa [ef. mtcrographi 
%ci 3(dk 3<a)l. It can. thardbra. ba condudad that the itacking'fault'lika 
frlngaa mark tha oxida-matal intarfMa. and it can ba inlarrad that tham 
iatarlaoaa ara paralld to metal and oxide {III} pUnaa. A thorough axamina* 
tion of all our ratultx, lo far. indicatai that oaithar xtacki^'g fauhi nor die* 
looaiioiM ara axaociatad with tha nudaation litaa. 

Growth Charade rh ties 

Oxide partida growth occurred laterally u indicated in mlcrographa 
3(c) and 3<dk which ware taken aAar an oxidation period of 35 and 44 min. 
raapactivaly. Already at a vary early stage of oxidation [comparable to tha 
stage depicted in Fig. 3(b|. shortly after tha end of the induction period] 
tha oxide particle thicknau is comparable to tha total Aim thicknau. This 
can ba conArmed with SZDF studies.'* The CujO {220| SZDF image 
[Fig. «b)] dearly shows the CujO crysullitas. whereas the Cu [220| SZDF 
itnaf* [Fig. 6(c)j leaves dark blanks covering the entire area of the Cu^O 
crystallites, whi^ is an ui-tmbiguous proof of the absence of free copper 
within these areas. A sixiilur conclusion was reached earlier by Brockway 
and Rowe^ by treating the oxidized Aim with a dilute add. 

Aaneallag of Oxidized Hlnm 

When, after an extensive oxidation treatment, the oxygen partial 
pressure in the reaction chamber was reduced to the 10’ '*Torr level while 
the spedmen temperature was kept unchanged. signiAcant changes became 



■pparmi ia iha Imtft aftar lavaral hoart. A larpa aumber of imalL irrtfularly 
ihapad CMium had Ibnnad on iha Ca|0 crytulliiaa, with iha damity 
incraaaini tharply naar iha oiida-maul intar^Kat [aaa Fi|. 7|ai]. Upon 
raaampiion of oxidaiion ai this sUft. it was noticed that first, thasa fraturas 
slowly diaappaarad : lacond. tha oiida crystals bapan to grow laterally again 
[Fig. 7(bll: and third, after an exposure of ISO min [soa Fig 7(b|]. which 
corraaponds in terms of oxygen exposure to suge (i) in Fig 3. a vary large 
numbm of small polycrystallina CujO particles developed, obviously both 
on tha Ctt|0 crystallites and on tha unoxidind copper areas. Tha number 
density of this polycrysullina deposit was 2 x 10" cm~*. which is three 
orders of magnitude greater than the number density of the primary epitaxial 
CU]0 crystals. Figure 7(cl depicts a much further progressed oxidation 
stage, where these polycrysullina oxide particles have grown to an area 
coverage dose to unity. At this time, the copper film had been almost 
completely oxidiad. as noted from the miuing Cu reflections in the SAD 
pattern. 

Oxidertea af Aa>lecalved Copper Fllaa 

A similar oxide nucicaiion behavior wu found when copper films 
were oxidized without prior argon-ion sputier<ieaning treatment. Figures 
Ka) and Mb| show a typical area of an as-received, annealed but not sputter- 
cleaned {100} Cu film prior to and after 60 min oxygen exposure at our 
sundard conditions of 42S*C and 3 x I0'*Torr oxygen partial pressure. 
The oxide fornuiion with very high particle number dmsity is clearly visible 
in Fig KbI. and so is the fine polycrysuiline character of the oxidaiion 
product in the SAD pattern. The filin wu further oxidized for 90 min more 
(for a total of 150 min oxidation li and lateral grosvth of these initially 
extremely small oxide nuclei u well u an increase of intensity of the CujO 
rinp in the SAD pattern were observed. The film wu then, immediately 
following the end of the oxygen exposure, subjected to a short |4mini 
argon-ion etching treatmeni and another oxidation at the previous exper- 
imenul conditions wu initiated. During the etching proceu. all evidence 
of the oxide disappeared very rapidly in the traiumusion electron image 
and in the dilTraction pattern, iuid the nucleaiion of regular, epitaxial 
(I00}-oriented oxide crystallites wu noticed immediately after admitting 
the oxygen, with a negligible induction period [tee Fig 8(c), taken after 
36 min of renewed oxygen exposure]. 

Oxidation- Reduct iow-Oxidalioa Sequ e n c u 

Suoceuive oxidation-reduction-oxidaiion experiments were earned out 
and observed at the ume specimen area to gain information about the 
mechanism of hydrogen reduction of a partially oxidized single-crystalline 
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oopptr dim and about Iht character of oxide nucleation litet. Figure 9 
fivet the experimental obtervationt. The micrograph in Fig. 9(a) ihowt a 
iputter-cleaned (urface area before oxidation ; Figs. 9ibl, 9(cl. and 9(d) show 
the same area aAer consecutive steps of oxidation under the standard 
oondi’.ions for 20. 47, and 61 min of oxygen exposure, respectiveiy. The sampie 
was then exposed to a hydrogen environment of 8 x 10"*Torr partial 
preasurc. An exposure of only 7 min reduced the size of the oxide crystallites 
by a lector of about 2 in volume, as can be seen in Fig. 9(e) and the schematic 
summai 7 9(f). The reduction was completed after 10 min more of hydrogen 
exposure. General observations during the reduction process include a 
well-defined but usually less straight or kis crystallographically oriented 
interface between oxide and metaL an obviously considerably thinner 
metal film as a reduction product in the reduced areas when compared to the 
appearance of the film prior to m.idatinn. a perfectly smooth transition from 
tte unoxidized to the reduced film areas without evidence of grain or low- 
angle bourularies. and a t^ency of the new, thin copper film areas to 
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Pk. •. Thin. ;iOO!-on*med copper (Mm: U) before oxidation. (b)-(d( durinf oxidation. 
(a» during hydrogen reduction. (f» ia a Khematic summary of tite particle outlines in (bl-(el. 


break up. which is believed to be due to surface tension effects. Reneixed 
oxidation immediately following the reduction process resulted in the 
nucleation of the usual epitaxial oxide crystallites at random, different 
locations, similar to the first oxidation but with a considerably shorter 
induction period. 

DISCUSSION 
iBdoctkM Period 

The induction period is probably the least understood stage in the 
entire oxidation process. It is conceivable that for a clean copper surface 
the first step in the induction phase is a chemisorption of a layer of oxygen 
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OB the Miriaoc. Since a clean metallic turfkce it very reactive, this initial 
coverate can ee expected to occur rapidly, with a ui^inf coefficient doM 
to unity. LEED meaturemenu*^ have, for example, revealed that the 
ftrat ti^Acani oxyftn adsorption evidence on a {110] copper surface 
occurs after only 3 u 10**Tofrmin oxygen exposure. It is. therefore, 
safe to assume that at an oxygen partial prcuure of 5 x iO’*Torr. that 
prevailing in our experiments, the initial oxygen surface coverage occurs 
instantaneously. The fact that an induction period of approximately 30 min 
was reproduciMy observed must, therefore, indicate hat the oxide nudeation 
process is not surface-controlled. It must, instead, be controlled by conditions 
in the bulk of the copper specimen, preferably clou to the surface, and it is 
reasonable to think that oxygen diffusion into the cupper and the esublish- 
ment of an oxygen-uturated zone near the surface are necesury require- 
ments. This oxygen-uturated zone may, however, be relatively narrow 
when compared to the entire film thickness, which would exj^n why 
other authon*'^'^* found almost the same induction period in their exper- 
iments. although their specimen thickneu was considerably greater. 

The above auumption that a critical oxygen concentration has to be 
established below the surface before the conditions for oxide precipitation 
are fulfilled is further supported by the results of our oxidation experiments 
with as-received copper films (see p. 389). as well as by our succeuive 
oxidation-reduction-oxidation experiments (see p. 389). In both cases, a 
copper film was exposed to an oxygen environment until clear evidence of 
oxide was noted in the SAD pattern and the electron image. The oxidation 
proceu was then interrupted and the oxide was removed by sputter etching 
or by reduction in hydrogen until all evidence of oxiue had disappeared. 
However, this short ion-etching or hydrogen treatment was found not to 
significantly affect the oxygen concentration inside the copper film, which 
remained, therefore, clou to the solubility concentration. Renewed exposure 
to oxygen resulted in both cases in immediate oxide formation at randomly 
different sites and without any noticeable induction period. 


Number Denaity, Shape, and Crystallographic Oriematlon 
of the Oxide Paiticict 

The number density of oxide crysullites epitaxially grown on { 100} 
copper face* .2 x 10* cm’*) is in fair agreement with earlier reported data.*'^ 
Considerable disagreement exists, however, in the shape and crystallograp'.ic 
orientation of the observed oxide nuclei. Whereas in earlier work*'''*' ‘ a 
triangular, pyramidal shape and a { 1 1 1 } orientation of the oxide particles 
were reported as the main results for oxidation on {100} copper, we find a 
predominant parallel {100} orientation, associated with square particle 
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•hapci. Even in ihoM caies wImh oxide crytulliiet have a { 1 1 1 } orientation, 
we And hexafonal rather than triangular outlines and a uniform particle 
thkkneu rather than pyramidal shapes. A comparison of the experimenul 
conditions to clarify some of the discrepancies indicates major differences 
in sample thickness and gaseous pretreatment. Most investigators used bulk 
copper (for example. Refs. 5 and 2 1 ) and subjected thei * umples to a thorough 
hydrogen annealing treatment prior to the oxidatim. Such gaseous pre* 
treatment can lead to submicroscopic faceting and cons M^uenily to signiAcant 
changes in orientation relationships and oxidation !rtes.'* as was already 
pointed out earlier in this report. 

We have tried to approach the conditions of « ich investigations by 
using a thicker copper Aim and annealing it in hydrogen prior to the oxidation. 
Under these conditioni we were able to reproduce the pyramidal shape of 
the nuclei (Fig. 10). Our (it titu growth obs rrvations and SZDF studies have, 
however, cast much doubt on the identiAcation of these nuclei as (lll|* 
oriented oxide crystallites. Work is going on to clarify their exact nature, 
a task which will probably not be completed before a sensitive surface analysis 
tool with a spatial resolution high enough to depict these small crystallites 
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an b« tmploytd. Such • lyttcm. tn Auger microprobc with depth profiliag 
cipubUitin. U currcaiiy under comtruction in our leboreiory. 

OxMt Nurieerten Sitae 

Typicnl number dentiliet of itackinf feulu in our {100] copper fllme 
were S x 10* cm’*. Although thii number it ooneideraMy higher than the 
regular oiidc nuclei number density, we did not observe any oxide nudeation 
at stacking (hult sites beyond what can be considered as random coincidence 
The same holds true for dislocations. It an be concluded, therefore, that 
Ibr sputter>cleaned { 100} surfaces of copper, the surface energy inhomogene* 
itiet at stacking faults and surface*intersccting dislocations are not high 
enough to act as preferred oxide nudeation sites. The nudation occurs, 
thereibre, at random sites. This condusion is supported by oxidation- 
reduction-oxidation sequences (see p. 389) in which the renewed oxide 
nuclations repatedly occurred at random, different sita. Simihr results 
were reported arlier for the growth of nickel oxide on nickel.** However, 
our results diagra with an earlier report by Brockway and Rowe^ that the 
number of nuclei associated with sucking faults was approximately 4 times 
the number expected for a random distribution. 

The only time when we notiad preferential nudation was after 
prolonged ion etching to the extent that through*thicknas holes had 
formed in the copper Aim. Preferential nudeation was then observed at the 
edges of the holn in the film (see Fig. 4) in addition to the normal nudeation 
at random sites. This result an be explained tentatively by a different 
surfaa orientation of the substrate film at hole edges, resulting from the 
etching process. 

Growth Characteristics 

Growth Rate 

The outlines of the crystallites in Fig. 3 are summarized in Fig. 11. 
demonstrating their growth during successive oxidation time intervals, 
it is evident that the particle growth occurred predominantly in the direction 
of unoxidized copper and that the rate is affect^ by the surrounding particles. 
Thereibre. the tendency for coalescence of these nuclei is low until the entire 
copper is oxidized. 

For a more detailed analysis, the surface areas of the three differently 
shaped particles (square, hexagonal, circular) are plotted independently as a 
function of oxidation time and are shown in Fig. 12. The growth of all these 
particles shows a linear dependence with time except for the hexagonal 
particles (denoted by triangles in the figure) for which the early growth rates 
deviate from linearity. This could be due. as mentioned earlier, to the fact 
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that tbit partida did not initially axtend through tha tntirc depth of the 
fthn, and tome copper remained beneath the partkie. In tuch a cam. part of 
. the atom flux arriWng at the particle edge might be consumed in the oxidation 
of the interior copper preient. resulting in a slower lateral growth. The 
beginning of linearity in the growth rate coincides well, indeed, with the 
time at which SZDF observation indicated completion of the through- 
thickness oxidation of this particle. Since the surface area occupied by this 
particle was initially small, when compared to the rest of the oxide cry sullites, 
the sum of all areas also shows a linear time dependence (curve Dl. Using 
the method of least squares, we calculated the slope of the growth curves in 
Fig. 12. The resulting growth rates are given in Table 1. The extrapolation 
of the calculated linear function for the sum of all areas (curve D) to ^ • 0 
gives r« B 27 min as an induction period, which is in good agreement with 
the experimental observations. The value obtained for the overall grosvth 
rate of the oxide (1.5 x 10*'^ cm' sec*') is in fair agreement with the value 
reported by Bdurd ef oi." (2 x I0~" cm' sec*'). The growth rate of the 
{100} -oriented particle is nearly twice that of the {II I {-oriented particle. 
Ihe ume ratio of 2:1 is found in the distances uf the {l(X)|- and {111}- 
oriented particles to their nearest neighbors. One can. for example, measure 
in Fig. 1 1 that the distance from the center of the square particle to the center 
of the nearest neighboring particle is nearly I tm. whereas for the hexagonal 
particle the corresponding distance it only 0.5 tim. This indicates that the 
growth rate of the oxide nuclei may be independent of the epitaxial relation- 
ships and nuinly determined by the dilTusion of oxygen toward the growing 
particlet which in turn it dependent on the distances to the nearest neighbor- 
ing particles. 

The overall growth rate of the nuclei measured in this study was found 
to be nearly identical to that determined by Jardinier-Oflergeld and 
Bouillon" although the two techniques were quit: different. An application 
of the model proposed by Rhead" involving surface dilTusion was made in 
order to calculate a surface diffusivity. The value obtained. 10* " cm' sec * '. 
was about four orders of magnitude less than experimental values measured 
by Bradshaw et a/.'* for copper on copper in 5 x IO*’Torr of oxygen. 
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No lurfact difluiivitiet have been reported either for oxypen on copper or 
for oxypen on an adiorbed oxypen layer on copper. The inferencet to ntade 

from the calculation! are that (a) the model doet not apply under the 
boundary condition! choMn and (b) the diffuaing ipcciex i! unknown. 

Growth Mechanim 

In accordance with the diacuacion on the induction period (p. .^921. 
it ia believed that the nudeation and growth of CujO on thin copper filma 
involve! the following mechaniam : Firat, a thin adaorption layer of oxypen 
atom! adhere! rapidly at the surface. An electron exchange takea place, 
itaulting in the formation of some kind of a surface-charge layer. S^ond. 
oxygen-metal exchange takes place until an oxygen supersaturation ia 
reached near the surface. Third oxide nucleates in the supersaturated 
region of the film. The surface-charge elTects become negligible at the 
sites of the oxide nuclei, surface diffusion of oxygen toward the oxide particle 
sites begins, and copper diffuses simultaneously through the oxide to the 
surface. Thus, lateral growth of the oxide nucleus is manifested by surface 
diffusion, and vertical growth by copper diffusion through the oxide. 

The vertical and lateral growth rates can be of different magnitudes, 
depending on the diffusion rates of copper through CujO and of oxygen 
near the CujO-Cu interface into the bulk. The difference in vertical growth 
rate which we observed for the (111!- ! I00|-oriented oxide crysullites 

(tee the sectioa Growth Characteristics, on p. 388) can be explained on (he 
basis of this mechanism by a faster copper ion diffusion through the oxide 
in the {100} direction when compared to diffusion in (he more densely 
packed {III} direction. 

The experimental finding that through-thickness holes in the copper film 
did not greatly influence the oxide growth behavior can now alto be easily 
understood. Since the attainment of a zone supersaturated with oxygen is 
required only near the surface, and since the lateral growth mechanism 
calls for oxygen diffusion rather than copper diffusion to the place of growth, 
variations in copper film thickness are expected to cause the respective 
variations in oxide crystal thickness rather than variations in the lateral 
growth rate. This was observed in our experiments. Holes which were 
present before oxidation remained holes throughout the entire oxidation 
process (see Fig. 3). and primary local thickness variations in the copper film 
were reproduced in the oxide film. 

During their growth, the oxide crystallites maintain their original shape 
and their usually perfect epitaxial alignment. Consequently, the boundaries 
between coalescing oxide crystallites at a later stage of oxidation are expected 
to be of a low-angle type. 
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Tbt dm •iwmpti lo npiain ibc nature of the iinall, irre|ultriy thaped 
fntum which were obtarved on the CU|0 crystallites alter several hours of 
annealing at low oxygen partial pressure [see the sectioo. Annealing of 
Oxidiaed Films, p. 388. and Fig. 7(a)] indicated that they must be interpreted 
as voids (in thin oxide ar*ai) or locations of considerably thinner oxide (in 
thkfcer oxide crystals). Simmons. Mitchell, and Lawless'* studied the 
interaction of oxygen with sing)e<rysui surfaces of copper with LEED and 
HEED and (bund repeatedly, in a gr eeme n t with an earlier suggestion by 
Mitchell and Lawless.* that a considerable amount of oxygen went into 
solu'ion in the bulk copper crystal upon annealing at temperatures up to 
800* C. The observed void*like features could be explained on the basis of 
such an oxygen dissolution process, forming clusters of misting atoms sites 
in tlie oxide. The increased number density of the observed \oidt near the 
edges of the oxide crytullitet could also be accounted for easily. On the basis 
of this interpretation, an assumption made earlier in this paper i tee the section. 
Induction Period, p. 392) can be strengthened further. At no time during 
the oxide nucication and growth process does the concentration of oxygen 
dissolved in the copper film have to reach the uturation concentration 
throughout the film, because obviously a considerable additional amount 
of oxygen could go into solution during the annealing process. 

Oxidatioo of As-Received Copper Fllaw 

It is believed that the unusual oxidation behavior on the as-received 
thin-flim copper surface (Fig. 8) is due to contamination of the surface. 
It is well known that even a thin adsorbed layer of contaminants can change 
the surface energy conditions so drastically that epitaxial relationships 
between an overgrowth (e.g.. oxide) and the substrate are substantially 
altered. Diffusion consunis on and through such a layer can alto be 
significantly different from the respective values on clean substrates. 

We subjected copper films similar to the specimens uKd in the oxidation 
experiments to an Auger depth profiling test and found extremely large 
carbon and sulfur peaks on the as-received film surface, in addition to a large 
oxygen peak. The relative heights of the copper peaks are comparatively low. 
The sulfur, oxygen, and carbon peaks decreased rapidly during sputter 
etching. After an etching time of 5 min. corresponding to an average material 
removal of about 50 A. the peak heights of sulfur, oxygen, and carbon were 
reduced to and 10*; of their original values, respectively. After 

5 min more of etching, all sulfur, oxygen, and carbon peaks had disappeared 
in the Auger signal. Meanwhile, the signal of copper had increased manyfold. 


It it. thtrtforc. citar th.u an tnortnout turiMt contaminacion h prcwai on 
Um at>rio«iva(J Mmpift and that cartful dtaning of tht turiact ia abaolutdy 
aaa tn ti a l if mtanin^ and rtproduciMc rtaulta art to bt obiainod. 


ACKNOWLEDGMENTS 

Wt art indtbtcd to Dr. Helmut Poppa and Mr. Dell Williams of tht 
Mattrials Sdtnct Branch. Amts Rtstarch Canter, for stimulating diicussions 
during tht course of this work. Thanks art also due to Mr. Dale Moorhead 
for performing the Augtr depth profiling experiments and to Mr. Dan Magan 
for hit skillful technical assistance. 


■EFERENCES 

I. I. M. aiirkM. ”Tlu OudsiMM of Evaporaiad Maui FiIhn.** m CKmuorpttoo mtd Ktoctmu 
aa MttoUk FUmt. Vol 3. J. R. Aatanoa. ad. (AoMiafliic Frau. Loiidoe aad Naw York. 
1 * 71 ). p. HO. 

I E. Maatai and W. SiomsI. VMMmuwNrSiinM 4t. M2 119521. 

}. F. OrMhind and J. Mnard. C 0. Acod. Sri Isa. S24 i 1955). 

4. E. Mannl and M. Kopp. Sm/. Sci. t ?7S(I964). 

5. D. F. MUchail and K. R. Lawlau. Frocaadinp of Ika Faim Rataarch Inatiiuia. 4Vd Annna) 
Maaiint of iha Ftdannen at Sociauai for Fatal Taelinolot). AUaauc Cdy. N.J. (Octobar 
29. IH5). 

S. K. R. Uwlau aad D. F. Milditll. Mfm. Set. Mir. Meiotl 42. 27 (1945) 

7. L O. Rrockway and A. F. Rowa. Fuodomtniah of Got-Sorfoet iMtrotueiu (AoMtanne 
Fraaa. Inc.. Naw York. IM7). pp U7-I40. 

I. A. F. Rona and L. O. Irackway. 27iii Annual EMSA Mca«Hi|(l949). p. III. 

9. L O. Rrockway. R. R. Marcut. and A. F. Rowa. Froett dmt t of rim Cookmmo am Single 
Cryuo! FiSm ( Ferpamon Frata. Naw York. 1944). 

10. T. Homma. T. Yonaoka. and S. Mauunaga. pnvaia commiMMcaiion. 

II. J. RSnnrd. F. Croniund. i. Oudar. and M. Ourat. Z. Zlekirathem. 4J. 799 (1959). 

II L Maaail and K. Niadarauar. Acu Uetoll. It. 915 ( 1951). 

IS. T. L Rradlay and R. E. Siicknay. Sort Sd. SR. SIS (1973) 

14. K. Hainamann and H. Foppa. J t'ac. SrL Teekmol. It. 22 1 197S). 

15. A W. Swanaon aad H. H. Uhlip. J. t'leciroiMemi. Sim-, lit. IS23(I97|). 

14. K. Looriom and A T. Cwaikmay. .4tM XIhoII. 4. 15S (1954). 

17. K. Wakaaluina. M. Fukamachi. and S. Nafakura. J/m. J. ApgI. Fhyi. I. 1 147 (1949). 

11. R. D. Moorhead and H. Foppa. Froc. 27th EMSA Maatinf 1 1949). p. 114. 

19. K. Hatnamann aad H. Foppa. .ippl. Fhrt. Leu. 30. 122 (1972). 

20. K. Hatnamann and H. Foppu. F^ SOlh EMSA Maating ( 1972). pp. 412 and 414. 

21. F. Oronlund. / CMem. Fhyt. 5S. 440 (1954). 

21 O. E. Rhaad. Trmu Fmorior Snc. 41. 797 (1945) 

2S. N. Jafdiaiar-Oircrgiid and F. Rouillon. J Voe. Sei. Teekmol. 9. 770 (1972). 

24. O. W. Simmons. D. F. Miicliall. and K. R. LawIcM. Stml. Sd. t. 130(1947). 

25. K. Hatnamann and H. Foppa. Froc. SiM EMSA .Maating ( 1973). p 30. 

24. F. J. Rradshaw. R. H. Rrandon. and C. Whcclar. Aiio MnoU. II 1057 (1944). 


4t 


THIR1Y>THIRD ANNUAL EMS.% MEETING 


tlhtlTU BLECTMH nCtOtCOri fTODY Of TIB OKXDB/ICTAL (C« 20 /C«) UTBBrAClAL 
■ACTION DOUNG ANNBALINO. 

K. D. Em m 4 D. t. DminIm* 

Asm iNMarcIi Cnc«r» NAIA, Neffait fUlE, CA. 

• fNiMnity •! C«llf«nU, Lm Aiic*iM, a. 

A MffCAla aaowic «f •srt** i* MlMbU U coyy«r (!)• TIm actAlaMac *f tiM 
MlMNlllty Halt (*r mtbm M«r cIm Mt«l turfM* 1« • Me«aa«ry ceatfltlaa 
fat ciM aMlaactaa af aal4a. Tba raac af eha MaalElfaE eayyar aay raaala 
aaaaiarauE with aaytaa a«aa Eariag clia aalEaclaa aa4 la yacanclally eayabla 
af fiaaalviag aftflelaaal aao wa ta af aaygaa. TIm Elaayyaaraaea af eoyyar 
aalNa Earing hlgN-taagaratara aasaallng M^ariaanca af yartlally anlgiME 
aayyar hlaa (2,3) aa EacaeuE hy TEH aaE TED waa auggaataE ca ba Eua ca auch 
an asygan Elaaalactan yracaaa fallawing cba Eiaaoclaclen af eayyar anlEa. 

Xa aaEar ca gain Mca laiEaracanElng af ehla aachaataa, aanaaling aayarlMnta 
af yartlally aslElME (lOO)>oriancaE alngla eryatalllna eoppar fllaa with 
variana toyyar/antEa valuaa racloa vara parfarwE 4a’*Hu In tha ONV raaccion 
aluaEar af a hlgh>raaaluclon cranaalaalon aXactton alereaeapa (2). riracly. 
craaaa af cha Initial aniEa, i.a., tha aniEa which foraa Euring tha EM apael* 
■an grayaracian procaaa, wowlE annaal owe «E tha raapaetiva aviEanea in tha 
TgM anE TED would Eiaappaar within tha firat faw ninutao of annaaling at 
425*C anE Pn, < 10** Pa. SaeonEly. a fila having approniaataly 10 voluaa I 
af adEa initially (Tig. 1. laft) raguiraE fiva hours of annaaling unEar tha 
aaaa conEitiona for all aviEanea of tha oniEa to Eiaappaar (Pig. !• right). 
ThltEly, in tha eaaa of a haavily oniEisaE fila (Pig. 2). tiM annaaling ra« 
aatian ia no longar aarkoE by tha eoaplata Eioappoaranea of tha oxida. In- 
.ataaE, voiEa or pin holao ara foraoE ia tha oxiEai aoatly naar tha oxiEa- 
aatal intarfaca. 

Tha Elaappaaranea of eha onlEa eoulE eooeaivably ba Em to vaporisation of 
tha aniEa, Elaaoaiatioa • or to Eiaaociaeian at tha oxiEa/natal intarfaca 
anhancaE by cha>Elaaolution of onygan in tha Mtal. TharvoEynaaie eenaidar* 
atlaaa, baaaE on eha Boat raeant anE roliabla Eata (4),'claarly InEicaea 
that naithar vaporiaation nor Eiasoeiation ara of algnlfieanea at this tonp- 
aratnra. Nowovar, tha Eiaaociation eoulE ba inportant at eha oxlEa/aacal 
intarfaca, if cha axygon proEueaE by cha Eioooeiaeion ia eoneinuoMly Eia> 
aalvtag in cha wnoxiEitaE eoppar. Thla procaaa EapanEa on cha initial 
aappar/oxlEa ratio anE ia conplacaE aithor whan cha oxygon solubility liaic 
ia cha eoppar ia raaehaE (Pig. 2) or whan cba oxygon supply ia sxhaMCaE 
(Tig. 1), i.a., whan all oxiEa ia ElasoeiatoE. Tha foraation 'it volEa anE 
Chair spatial Eiaeribucion (Tig. 2) is t^an Em to tha coabioaE affaeco of 
Eiaaociation of eoppar oxiEa at eha oxiEa/aatal intarfaca anE tha aovaaant 
af cha ElaaoeiataE opaelaa, i.a., of oxygon into tha bulk of tha unoxiEitoE 
eoppar, anE of eoppar into eha oxiEa to aaeabllsh ia tha oxiEa a now aquil- 
ihriwa eoneantracion of cation vaeaneias. If cha EiffMion of eoppar is 
vary alow, cha vaeaneias aay elMtar Euring annaaling. Upon oxlEacion of 
thla sanpla, tha pin holas EisappaaraE, which ia oxpaecaE as a consaqMnes 
af tha rosrrangaaant of cha oxiEa Em to cha now vacancy eoneantracion Eic- 
tacaE by eha iaprassoE oxygon prsasuro. This rosult supports tha asehaaisa 
prepoaaE above. 

1. t. W. Powers and N.'V. Ooyla, J. Appl. Phyo., JO, 51* (l»5f). 

2. E. gainaaann, D. I. lae and 0. L. Douglass, OxiE. of Hatala, in press. 

1. 0. W. SiaMns, D. P. Nitehall and E. E. Lawlass, Surf. Sei.. 8. 130 (19671 
*. S. Seoaa, P. Handy, A. Vandar Auwara-Mahlau and J. Droware, lull. Soe. 

Olia. Balgas, *9 (1972), and JAMAP Thartaochaalcal Tablaa, D. R. Stull, 
CE. , Dow Chaaieal Co., KiElanE, Mich., 1967. 

PEiXJEDlNO PAOB W-AWK IKft FILM® 



rig. 1. This (100) eoggar fila b«for« (l«Cc «ad emur) m 4 afur 5 hr 
MMcllag at 4S0*e (right). TIm lactart A-B la cha Cu (110)-aalaeta4 
leaa 4arfc flaU iaaga (eaatar) nark Cu^O eryacalllcaa which dlaappaaraB 
diirlag aaaaallog. Tha laccara r aa4 0 aark holaa aurrouadad by Cu20| 
durlag aaaaallag tha CugO diaagpaarad aad tha holaa wora aalargad. I 
■ttka a halo la cha aaldlud flla which la aoc aurrouadad by oalda aad 
roaalaod uachaagad durlag aaaaallag. 



ng. 1. ftroagly oaldlaad (100) cbppar flla (ratio Cu/CuyO 
(a) aad aftar Id hr aaaoaltng at 42S*C (b). * 
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Oxide Removal and Dexorption of Oxygen from 
Partly Oxidlxed Ttiin FUmii of Copper at Low Pres- 
sures^ 

D. flbostkwara Rao,t K. ||diitmaii«.t and I). L. Uuufiaaa* 

Hftntrd Sepifmhft Mk Mmmn /VM 


Partly oxidized copper fihru were annetded in a fonimlled vaeuutn of 10 ' Pa 
at a temperature of dStPC. TUe elumties dixciaxed below were ohxerved in »iiu 
with a xpeeially designed high-reiidutum transmissim eleeirttn miertm ope. 
The thin, ( IOO)-oriented, single -eryshd films of coi>per had been o\uli:ed 
immediately prior to the annealing studies at the same temivrature and at an 
oxygen partial fireviure of 7 x 10 " Pa. until the desired fraciimi of the l opiwr 
film was converted to oxide. It n-ia observed that die oxide disapivaied during 
annealing as long as smne cop/ter was left unoxidized. The disappearam e of 
die oxiile is explained as being due lo disuteiaiion of the oxule at the 
oxide-metal toxule-metal interfd-‘e followed by diffiisitm of oxygen into die 
metal and desoriHiim id oxygen from the surface of the imoxidized < oftpi-r. Ihe 
rate of disappcarunee of the oxide wa* fmiml to Ih‘ i»rof>ortiomd to the surfaee 
area of unoxidized copper, i.e., the desorption was found lo Iw the rale •limning 
step. In the case of heavilv oxidized films holes were idfserved 

develop in the oxide near the oxide-metal interface after an annealing fwruHl 
of 2-.1 hr. U/nm resiwipiiim of the oxidation, these lodes first disai*fvared. and 
die normal oxidatiim behavior was then resumed. The fornuiium of lodes may 
be explained by luieaney clustering. When eompleiely oxidized films were 
annealed, recrysiallization of the oxide observed. 
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INTRODUCTION 

Simmont et at* studied both the interaction of oxygen with the surfaces of 
single-crystal copper using LEED and HEED and the annealing beha\ior of 
surface structures initially formed on copper. Upon annealing up to 800*C 
the disappearance of oxi^ was noted and was interpreted as being due to 
the (wesenoe of unsaturated copper. 

Similar observations on the disappearance of appreciable amounts of 
oxide upon annealing partially oxidized films of copper were made by 
Heinemann ei al.' * It was concluded that the oxide that disappeared on 
annealing would provide an amount of oxygen which was several orders of 
magnitude more than was necessary for the staturation of the copper film. 
These results could not. therefore, be accounted for solely on the basis of the 
presence of unsaturated copper. The phenomenon appeared to be more 
complex and was felt to be an interesting system for further investigation for 
the following reasons: First, thin Aims of copper and cuprous oxide are used 
as semiconductor materials in the electronics industry. Hence, the study of 
material losses and compositional changes that occur upon heat treating are 
of importance. Second, the experimental setup is unique, as it permits the 
direct observation of structural changes upon annealing. Third, it was felt 
that through a systematic study it would become possible to explain all of the 
reported experimental observations. Finally, the study is one of the few ever 
made with thin Alms of single*cr>’stal copper. 

This paper summarizes experimental obsen’ations of the annealing of 
oxidized Alms of (lOOi-oriented single-crystal copper and olTers a mechan- 
ism for the observed behavior. The annealing experiments were carried out 
in situ with samples of varying Cu-O-Cu ratio using a high resolution 
transmission electron microscope (TEN!).' 

EXPER1.ME.NTAL 

The experimental apparatus employed for this work was essentially the 
same as that desaibed in an e.^'rlier investigation, and the (lOO)-oriented 
single-crystal Alms of copper having an approximate thickness of SCO X 
were prepared and oxidized using procedures that were identical to those 
reported earlier.* Oxidation was carried out at 7x |0*' Pa oxygen partial 
pressure and at t50‘C until a predetermined oxide avntent had formed. The 
samples were subsequently annealed at the same temperature at lU*^ Pa for 
several hours and periodically observed in situ. The disappearance of Cu-O 
during annealing was followed by bright Aeld electron imaging, selected- 
area diffraction (SAD), and selected-zone dark Aeld (SZDF) imaging tcchni- 



quM. Th« samplet were alfco repiki^ied. using a platinum pre»hado«ed 
cvbon>replica technique, in order to study the topographical nature of the 
Alms. 


RESULTS 
As>frtparrd FOms 

The surface and neor*surface compositions of the as-prepared copper 
Alms were analysed by Auger depth proAling. In addition to oxygen. 
oonsideraMe amount* jf carbon and sulfur were noted as surface containin- 
ants (Rg. 1 ). These peaks decreased rapidly during sputter etching, a normal 
cleaning treatment to w hich es-ery specimen was subjected prior to initiation 
of the oxidation process. After an etching time of 10 min. corresponding to 
an average material removal of nearly 100 A. the sulfur, carbon, and oxygen 
peaks disappeared completely and only the signals for copper were detected, 
indicating clean substrate conditions. Transmission electron microscope 
examination of some as-prepared, unctched samples in the electron micros- 
cope (EMI indicated the presence of trace amounts of oxide which might 
have accumulated during the E.M-specimen preparation. These samples 
showed no oxide after annealing for 20 min at 425’C. 
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Fig. I. Aufcf (k|Nh protllint 
Mtlyin of K -prepared 
copper ikM fUm». 
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After MitMling the fUim to remove trace amounti of oxktet. the 
ipedmen uirfaoct were cleaned by arfon>ion iputteri'’.f and then oxkiixcd. 
The oxidation was carried out for different lengths of time .*o form the 
desired vol.% of oxide. The nudeaiion behavior 'if the oxide, the number 
density of oxkk nuclei, and the epitaxial relr.iionships «ere described 
earlier.’ Selected-xone dark Held studies’ esti.Nished that there was no 
unoxidixed copper left beneath the oxide nucte*, and that th<r oxide*particle 
thickneu was comparable to the total thickness of the Aim. T!us permits the 



2. S)i|hti) okidued (100) oofipcr Aim llOvol.%1 hcforc (a) and after (bl S*hr 
. aiMicalin( at 430^. The circici mark CujO crkvallitea ehich have ditappeared duiin| 
aimeaiinf. leaviitf small holes m some cases. 
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calculaiion o( relati«« amounit of oxide pret:eni in the lample. even during 
itM very early tiagct of nucicaiion. The uirface coverage ratio of oxide to 
copper givck the relative amount of oxide prevent in the vample. A lample 
oxidized to approximately 10 vol.% oxide ri thown in Fig. 2(a). Thik lampie 
required 5 hr of annealing for all evidence of the oxide to Jixappear in the 
TEM images and SAD patterns [Fig. 2(b)]. In most cases, small holes had 
developed in the places where CujO had been located previously [circles in 
Fig. 2(b)). 



ng.3. H«a«ilya«ii)uet)l7n%t{t0n|cn(«per(ilmlsi.anneal«e l7hral42S*C(b.c>.and 
rco«Mhzcd (or ISUminji6-6x 10*' Pai5*. 10'* Tom oiyfcn partial prcuurc id). lai. 
(bt and Id, Id) arc pain taken at the Mmc «peamcn area, respectively. 
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AMMaUiig of SsMpItt Coataliiliif Mart Tbaa 50% •! OiMt 
• 

HMvily oxidbced film. i.t., umples ooniiining more than 30% [Rg. 
3(a)] ot oxide, dk) not exhibit a compieie disappearance of oxide durinf* 
annealing. Instead, voids or pinholes (seen as light areas on the micrographs) 
were formed in the oxide, mostly near the oxide-metal interface (Fig. 3ibi. 
(c)]. The pinholes in the oxide appeared within 2 to 3 hr. Further annealing 
of the sample for 10-15 hr resulted in a slight thickness reduction of the 
, oxide, indicating some material loss. It is probable that some additional 
pinholes migh have formed, but these were relatively few- in number when 
compared to those already existing after 3 hr. Upon reoxidation of a 
specimen with pinholes in the oxide, the holes first disappeared and the 
oxide grew laterally in the usual manner [Rg. .^(d)]. This indicates a 
structural rearrangement of the oxide w hich will be discussed subsequently. 


Annealing of the Completely Oxidized Film 

Annealing of completely oxidized films of copper resulted again in the 
formation of pinholes [Fig. 4(b)]. Additionally, upon prolonged annealing 
for about 20 hr. the appearance of the oxide nuclei changed [Fig. 4(c)]. The 
thickness of the oxide particles was considerably reduced, and secondary 
nudeation and growth of oxide particles, assumed to he due to recrystalliza* 
tion. were observed. This secondary nudeation was often, but not always, 
initiated at the oxide grain boundaries. The nuclei grew rapidly to a 
thickness and size in the micron range. Micrographs of the replicated 
samples showed that these particles were of considerable thickness. 
Renewed oxidation at this stage caused rir< lu*ther changes in the structure, 
except for some additional grow th of the big particles that had nucleated 
near the grain boundaries. 


. DISCL'SSIO.N 

• I 

Oxidation of copper at moderate temperatures and low oxygen pres* 
sures leads to the formation of isolated oxide islands after an induction 
period.* '* The disappearance of oxide during annealing could conceivably 
be due to any one of the following mechanism: 

a. Dissociation of the oxide at the oxide-metal interface: 

CujCMs) 2Cu(sH-0 (1) 

followed by the dissolution of oxygen into the copper matrix: 

0-*-Cu{s) ^ O(inCu). 


( 2 ) 
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b. Evaporation ot iha oxkk: 

Qi}0(») ^ Cu:0(t) (3) 

e. Ohaodation at the oikk at the vacuum-oxide interface: 

Cu} 0 (e) ^ 2Cu(«)t>i02(s) ( 4 ) 

or 

Cu:0(t) ^ Cu(tKCuO(f) (S) 

d. Diuodation of the oxide at the oxide-mctal interface, diffusion of 
oxygen into the metal. follo«ed by desorption of oxygen from the 
surface of the copper: 

O(inCu) ^ (6/ 

[preceded by reactions (I) and (2)]. 

• 

The experimental observations were analyzed to determine which of the 
abo\e processes was taking place, and are discussed consecutively in the 
following seaions. 

Dissolution of Ox)'gen into UnoxJdized Copper 

Simmons er c/.' studied the annealing behavior of surface structures 
initially formed on copper. They found that the initial ( I x I) oxygen 
structures formed on (iUO) copper were thermally unstable. Annealing of 
this structure resulted in either a clean surface at high temperatures (7> 
250*0 or a transformation to a f 2 x I ) structure at lower temperatures. The 
(2 X I) structure could be reduced to a clean surface by vacuum annealing at 
400*C. However, the experimenters found it increasingly difficult to regen- 
erate the clean surface by repeating the process. Eventually, the (2x 1| 
structure was found to be stable at temperatures as high as 700’C. The 
results were interpreted on the basis that unsaturated copper existed and 
that the annealing caused a dissolution of oxyg*”i into the copper [mechan- 
ism (1) above]. Once the region near the surface became saturated with 
oxygen, the oxygen diffusing to the bulk was considerably less, finally 
leading to the stable (2x I) structure. However, some experimental obser- 
vations do not support the above explanation, and these arc discussed 
below. 

Simmons er a/.' used bulk samples of copper, and in their case it is 
possible, although unlikely, that the cupper was not saturated with oxygen. 
However, considering the extremely low solubility and a reasonable diffu- 
sion coefficient of oxygen in copper.^'** one would expect that in the present 
case with thin films of 800 A thickness the entire aipper film would be 
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Mturatcd «-ith oxygen either before the nudeaiion of oxide takes place or 
shortly thereafter. This postulate is supported by the fact that the oxidation 
was alM marked by a long induction period of nearly 30 min: a period during 
which some ox>gen must base gone into solution. 

Furthermore, even if ail of the unoxidired copper was not saturated 
with oxygen, the disappearance of only trace amounts of oxide could be 
accounted for because of tlie low oxygen solubility. Thus, the complete 
disappearance of 10 vol.% oxide during anneaiing could not be explained 
solely on the basis of oxygen dissolution in copper. If such were the case, the 
calculated solubility of oxygen in copper would be about 3 at.%, which is 
mucti greater than all of the reported values. The disappearance of the oxide 
in the present experimenu can. therefore, not be attributed primarily to 
oxygen dissolution in the copper substrate [mechanism (at], unless such a 
process is followed by some kind of oxygen diffusion mechanism toward the 
metal surface and subsequent desorption from the surface, as proposed in 
mechanism (d) above. 


Evaporation of the Oxide 

Since the sizes of even the smallest observed oxide nuclei were at least 
several hundred A. their CujO vapor preuures would not be expected to be 
significantly dilferent from those of the bulk samples. It is a generally 
observed fact that particles with radii of more than about 50 A behave as 
bulk samples and no surface tension corrections are needed. Thus, the most 
recent and reliable thermal data"* on the evaporation of Cu;0 obtained for 
bulk samples can be applied in the present case of thin-hlm annealing. They 
dearly indicate that evaporation of Cu:0 [mechanism (bi above] is unim- 
portant and should be considered negligible since Pc»,o is of the order of 
10'” atm at 750 K. 

Dissociation of the Oxide at the Vacuum>Oxide Interface 

The dissodation pressure of Cu:0 for reaction (4) calculated from the 
JASAF Tltenttochemual Tobies'* (Fo, • 10*‘'‘atm) is too low to explain 
the observed disappearance of the oxide. Similar calculations made for 
reaction (5) indicate again that dissodation at the oxide-gas interface could 
not be expeaed in the reported experiments. Moreover, if dissodation of 
the oxide occurred, one would expen a complete disappearance of the oxide 
even in heavily oxidized specimens, unless the dissociation product (copper) 
covered the surface of the oxide, hindering further dissociation. This would 
then have to result in increased copper reflections in the TED mode, which 
was not observed. The sample containing 60% oxide exhibited a much 
lower rate of oxkie loss than did the sample containing 10% oxide, which 


dearly indicates that dhsociition o( Cu;0 at the niide-vacuum 
interface did not occur at a rate high enough to captain the experimental 
Andings. 


Desorption of Oxygen 

Ranseley” investigated the desorption of oxygen from copper in a 
vacuum and found that: (a) The rate of escape of oxygen from copper was 
below his detection limit at temperatures below whi^ the rate of evapora* 
(ion of copper itself is signiAcant. i^., below 80U*C: (b) the rate of c\t)lution 
of ox)*gen remains approximately constant with time, indicating that the 
proceu of evaporation from (he surface of the metal is the factor limiting the 
rate of oxygen desorption: (c) there is a deAnite accumulation of oxide at 
certain isolated regions on the surface; (d) the evolution of oxygen occurs 
preferentially from certain crystallographic planes, mainly the (100) and 
(110) planes: and (e) (he evaporation of copper itself in vacuum, at high 
temperatures, is greatly enhanced by the pretence of oxygen in the sample. 

These observations indicate that the diffusion rate of oxygen in copper 
it appreciable and that no signiAcant loss of oxygen should be expected at 
moderate temperatures (in the absence of reducing agents). However, the 
experiments* on which Ranseley 's conclusions were bated were carried out 
under poor vacuum conditions ( 1 0*' Pa). Since low-temperature desorption 
phenomena are generally greatly dependent on the surface conditions and 
can conceivably be strongly atfected by adMirption layers of residual gas 
molecules, there is some concern about the reliability of these early (1939) 
desorption studies, comproinising the experimental basis for the prior 
hypotheses. 

In fact, mechanism (d) above, which involves dissociation of Cu:0 at 
the Cu-Cu:0 interface, diffusion of oxygen in the metal, and desorption of 
oxygen from the metal surface, is the only one which may fully explain the 
present results. The fact that the results indicate proportionality between the 
rale of disappearance of Cu;0 and the amount of unoxidized copper surface 
area suggests that the desorption of oxygen from the surface is the limiting 
step which dict.'iics the rate of dissoriation at the Cu-Cu;0 interface. Tlte 
number of oxygen atoms dcsoibing per unit time from the copper surface 
was found in the present study to be of the order of IU''cm'*sec~'. an 
amount which is too small to be detectable by conventional weight loss 
measurements or by volumetric methods in a reasonable annealing time. 
The earlier mentioned results of Simmons era/.' can also be interpreted on 
the basis of this mechanism, although these authors computed an adsorption 
energy of oxygen on copper" of 110 Kcal/mole and concluded that this 
constitutes an insurmountable energy barrier for the desorption of oxygen at 
the temperatures of these experiments. However, the adsorption energy of 
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Myfen nporttd it wirly 2.5 limct higher than the heal of formation of the 
oxhk and app**^ to be an unreatonablc value. Generally, the heal of 
aitaorpiion of oxygen on meiah it nearly equal to the heat of lormatKM of 
their oxidet or Im, except in the very earlieti adtorpiion of ox>gen on the 
. metal turfacc. Simmons ef af. ' were unable to detect the formation of oxide 
islands by LEED from the samples oxidized for 2 nr at a pressure of 
7 k 10*' ^ in the temperature range of 400>700^C Examination of the 
samples, however, by optical and electron mieroscopy tjiowed the formation 
of isotaied nuclei of oxide. It is possible, therefore, tha: oxygen might have 
desorbed from the surface of their speamens and that tl e desorbed oxygen 
was replenished by the oxygen dissociated from the oxuJe. 

Structural Changes 

The holes which developed in heavily oxidized Alms (more than 30%) 
near the oxide-metal interface during annealing were observed to disappear 
upon resumption of the oxidation, which indicates some sort of structural 
changes. 

The holes may be due to vacancy clustering. CujO is a meiaNdeflcient. 
p-iype semiconductor. The concentration of the cation vacancies depends 
strongly on the oxygen pressure.'* In the case of thin*fllm oxidation, the 
entire Aim thickness is converted to oxide, and no oxygen activity gradient 
exists aaoss the Aim. Thus, the cation vacancy concentr.-ition is proportional 
to and a considerable diAerence in the mole fraction of cation 

vacancies at 7 x I0~' Pa pressure and an annealing pressure of i0~" Pa can 
be expected. The vacancy concentration should drop from 0.13 ni >le 
fraction to 0.00.1 mole fraction. '* This reduction can occur by the precipita- 
tion of vacancies as voids. In addition, if some dissociation of the oxide takes 
place at the oxide-metal interface, a contraction in volume results and adds 
to the formation of voids. Upon resumption of the oxidation, the cation 
vacancy concentration in the oxide will be increased to its equilibrium value 
and the process will be reversed, resulting in the disappearance of the voids. 

Rrcrystalllzation of the Oxide 

The recrystallization of the oxide of completely oxidized Alms may be 
due to the strains present. It is known that the epitaxial growth of oxide 
results in strains at the oxide-metal interface. The strain is considered to be 
high and leads to residual stresses in the case of thin Alms. It is also known 
that the recrystallization temperature is considerably iowered in the pres- 
ence of stresses. Thus, one would expect recrystallization to occur at the 
grain boundaries. Although the temperature does not s’^cm to be high 
enough for recrystallization, no literature value is available for direct 
comparison. . 


CONCLUSIONS 

Tht oxidt mictei that fonn durini Um oxidation of thin copper fllnw 
dHappear upon anncalinf at kMif at toma unoxidixed copper it a%ailable. 
The amount of oxide that diiappeart would pro\'ide leveral order* of 
magnitude more oxygen than would be required to taturate the unoxidixed 
' copper. Hence, the procew can not be explained by the dittoluiion of oxygen 
in coppe r . It it propoied that oxygen detorbt from the turface of the 
unoxidixed copper, and tiiat the rate of detorption it ratc«limiting and. 
therefore, proportionai to the antount of unoxidixed copper. Vaporixation 
and diitodation of the oxide at the oxide-« acuum interface were eliminated 
at mechanitmt which could detcrihe the retuitt. 

In the cate of annealing heavily oxidixed fUmt. tiructural change* were 
nocked which may be explained on the batit of vacancy diitiering. 

Completely oxidixed flimt recrystalllxed during annealing. This it attri* 
buted to epitaxial ttraint present in the oxidixed fUmt. 
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